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Abstract 
To appraise the utility of the self-potential (SP) method for monitoring CO2 injected into saline aquifers, we carried 
out numerical simulations based upon a hypothetical aquifer system and calculated the temporal changes in SP 
caused by changing underground conditions as computed by the reservoir simulation. In addition to electrokinetic 
coupling, we considered the geobattery  mechanism operating near metallic well casings. The results show that SP 
measurements in the neighborhoods of wellheads offer quite promising and effective methods for sensing the 
approach of CO2 to the well casings deep within the subsurface. 
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1. Introduction 
To appraise the utility of geophysical techniques for monitoring CO2 injected into saline aquifers, 
Ishido et al. [1] carried out numerical simulations of an aquifer system underlying a portion of Tokyo Bay 
and calculated the temporal changes in geophysical observables caused by changing underground 
conditions as computed 
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calculate the resulting temporal changes in the earth-surface distributions of microgravity, self-potential 
(SP), apparent resistivity (from MT surveys) and seismic observables. The applicability of any particular 
method is likely to be highly site-specific, but these calculations indicate that none of these techniques 
should be ruled out altogether. Some survey techniques (gravity, MT resistivity) appear to be suitable for 
characterizing long-term changes, whereas others (seismic reflection, SP) are quite responsive to short-
term disturbances. 
The self-potential postprocessor [2] calculates changes in subsurface electrical potential induced by 
pressure disturbances through electrokinetic coupling (e.g. [3]). In addition to electrokinetic coupling, SP 
anomalies may be generated by various other mechanisms such as thermoelectric coupling, 
electrochemical diffusion potential, etc. (e.g. [4]) In particular, SP anomalies of negative polarity, which 
are frequently observed near wells, appear to be caused by an underground electrochemical mechanism 
similar to a galvanic cell known as a [5][6]): the metallic well casing acts as a vertical 
electronic conductor connecting regions of differing redox potential. Electrons flow upward though the 
casing from a deeper reducing environment to a shallower oxidizing environment, and simultaneously a 
compensating vertical flow of ions is induced in the surrounding formation to maintain charge neutrality. 
If the redox potential in the deeper region is then increased by injecting an oxidizing substance, the 
difference in redox potential between the shallower and deeper regions will be reduced, resulting in an SP 
increase near the wellhead. 
Tosha et al. [7] measured earth-surface SP during gas injection tests at various sites in Japan. When air 
was injected into a 100-meter well within the Sumikawa geothermal field, a clear simultaneous increase in 
SP centered on the wellhead was observed.  A small but unmistakable SP increase also took place near the 
wellhead when CO2 was injected slowly, which we believe was caused by local pH reduction at depth 
resulting from dissolution of the injected CO2 in the aquifer fluid. SP changes were also observed at the 
Yubari test site in Japan, where one well injected CO2 into a coal bed and the CO2 content of the fluid 
produced from a nearby well was monitored. SP increased substantially around the injection wellhead, but 
no significant SP changes attributable to the injection were observed near the production wellhead. This is 
consistent with the observation that CO2 did not break through into the production well during the 
experiment. We believe that SP measurements at the earth surface represent a new and promising 
technique for sensing the approach of CO2 to well casings deep within the subsurface. 
Here, we report the results of numerical simulations carried out using the extended SP postprocessor 
(which incorporates the above geobattery mechanism in addition to electrokinetic coupling) and discuss 
the above possibility more quantitatively.  
 
2. Extending the SP-postprocessor to treat geobatteries 
The basic equation solved by the extended postprocessor is the following Poisson equation: 
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where  and  are the electrical conductivity and potential of the formation, respectively; idrag is the drag 
current density induced by fluid flow via electrokinetic coupling; and the second term on the right hand 
side is a newly added source term to represent the geobattery mechanism ( n is the specific surface area of 
the n-th electronic conductor (metallic casing pipe, etc.) and ine/m is the current density flowing between 
the n-th electronic conductor and the surrounding ionic conductor (the rock formation saturated with 
aqueous solution).  
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In addition to (1), electrical charge for each electronic conductor must be conserved: 
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where Vnj is the volume of computational grid block j penerated by the n-th conductor. The current 
density in (1) and (2) is given by the following equation (hereinafter subscripts j and n are omitted): 
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where F is the Faraday constant, R is the gas constant, T is the temperature [K]; I0 is the exchange current 
density;  is the overpotential, Em is the potential of the n-th electronic conductor (referred to the standard 
hydrogen electrode), EH is the redox potential, and e is the potential of the aqueous solution side at the n-
th conductor surface (when substituting (3) into (1) e is converted to  using the analytic line-source 
solution). Equation (3) is derived based upon the linearized Butler-Volmer equation (e.g. [6]). In the 
present version of the SP-postprocessor, the distributions of I0 and EH are provided by considering the 
following cathodic and anodic reactions [6]. 
 
reaction anodic :                  FeeFe
reaction cathodic :      OH2e44HO
2-3
2
-
2                                                                (4) 
 
Changes in I0 and EH due to CO2 injection will be discussed in section 3.2. 
 
3. Numerical modeling of SP changes associated with CO2 migration 
3.1. Reservoir simulation 
In the first step, we constructed a three-dimensional model covering a 6 6 km2 area extending 
vertically from 0 to 1300 meters RSL as shown in Fig. 1. The horizontal and vertical permeabilities are 
assumed to be 100 mD and 10 mD (1 mD = 10-15 m2) respectively for the sandstone-dominated injection 
aquifer, and an isotropic 1 mD permeability is assumed for the seal formations. The porosity is assumed 
to be 0.1 for all formations. Relative permeability models for CO2 gas and liquid water are represented by 
Corey-type curves (with 0.1 residual saturation) and van Genuchten-type curves (with 0.2 residual 
saturation), respectively. Capillary pressure is represented by a van Genuchten-type model, and the 
threshold pressure is ~2 kPa and ~100 kPa for the aquifers and seal formations, respectively. 
Initially, all of the pore space within the computational grid is full of motionless liquid H2O (with 
dissolved NaCl mass fraction equal to 0.03). At the outer lateral boundaries, the fluid pressure distribution 
is maintained at the initial (hydrostatic) value. At the top boundary, the pressure and temperature are 
maintained at 100 bars and 30 C respectively (corresponding to an overlying ground surface elevation of 
2300 meters RSL). The bottom boundary is impermeable and its temperature is fixed at 69 C. 
In the present numerical simulations, we used the STAR general-purpose reservoir simulator [8],[9] 
with the SQSCO2 equation-of-state package [10] which treats three fluid phases (liquid- and gaseous-
phase CO2 and an aqueous liquid phase) to calculate the evolution of reservoir conditions. We simulated 
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10 years of injection (from t = 1 to 11 years at a rate of one million tons of CO2 per year) into a 
sandstone-dominated aquifer at 2050 meters depth followed by 9 years (from t = 11 to 20 years) of shut-
in. Fig. 2 shows histories of total, gaseous and dissolved CO2 masses and pressures at selected points. Fig. 
3 shows the distributions of pressure, temperature and gaseous-phase saturation at t = 2 years (after one 
year of injection), 4 years (after three years injection), 11 years (when injection ceases) and 20 years 
(after nine years of shut-in). At t = 2 years, the injected CO2 remains near the injection well, but at t = 4 
years, it reaches the observation well, which is located 500 meters away from the injection well. After 
injection ceases, the CO2 density decreases (and its volume increases) due to pressure release. The super-
critical CO2 then gradually migrates upward due to buoyancy.   
 
 
Fig. 1  Distributions of rock formations in the y-z plane. The number of grid blocks is 48, 48 and 31 in the x-, y- and z-directions, 
respectively. 
 
 
 Fig. 2  Histories of total, gaseous and dissolved CO2 masses (left) and pressures at the center of injection aquifer , seal-2  and 
aquifer-2  formations (right). 
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Fig. 3 Pressure (cyan), temperature (red), and CO2 gas saturation (black) contours in y-z plane at i = 24 at t = 2, 4, 11 and 20 years. 
Contour interval is 0.5 MPa for pressure, 5 C for temperature and 0.05 for CO2 gas saturation. The region shown in the figure 
extends from 0 to 800 mRSL in the vertical (z) direction and from -1500 m to +200 m in the y-direction. The injection well is 
located at x = y = 0 m, and the observation well is located at x = 0 m and y = -500 m. The entire 2300 m depth of both wells is 
assumed to be completed with continuous electrically-conductive casing material. 
 
3.2. SP changes 
In the second step, we applied the extended SP-postprocessor to the reservoir simulation results. In 
order to take the geobattery mechanism into account, we must provide additional input parameters such as 
the geometries of electronic conductors (metallic well casings) and electrochemical parameters 
concerning the cathodic and anodic reactions in (4) to calculate the EH and I0 distributions along the 
metallic well casings from the reservoir conditions such as temperature, pH, PO2 and concentrations of 
Fe2+ and Fe3+.  In those portions of the ELEC  grid used for solving (1) that are not overlapped by the 
STAR  grid used for reservoir simulation, we must assign (time-invariant) distributions of EH, I0 and  
(electrical conductivity). 
Initial distributions of EH, which is calculated by using a procedure similar to that of Bigalke and 
Grabner [6], and Em and  (=SP), which are obtained by solving (1) and (3) simultaneously, are shown in 
Fig. 4. Initial distributions are the same for both the injection and observation wells. SP at the earth s 
surface is about -80 mV, which corresponds to the value at r~1.35 m away from the wellhead and is 
extrapolated to -160 mV at r~0.2 m. These negative SP values following the line-source solution are in 
the range of typical values observed around the wellheads of deep wells. 
As shown in Fig. 4, after one year of CO2 injection EH increases by ~1 V (and I0 increases by more 
than two orders of magnitude) at the injection depth. This is brought about by pH reduction of more than 
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3 due to CO2 dissolution, which is calculated by a pH model  incorporated in the postprocessor, and by a 
tiny increase in PO2 (~10-10 Pa) assumed to accompany the injected CO2. As a result, Em increases by ~0.7 
V and SP centered on the wellhead increases from ~ -80 to -12 mV. 
 
 
Fig. 4 Distributions of EH, Em and SP along the injection well at the initial condition (t = 0 - 1 year) and after one year of CO2 
injection (t = 2 years).  Same data are shown on the right, where the vertical scale is magnified. 
 
 
Fig. 5 shows the self-potential distributions at t = 1, 2, 4 and 11 years. Both electrokinetic coupling and 
the geobattery mechanism are taken into account in the calculations, but SP signals caused by 
electrokinetic coupling are negligibly small compared to those generated by the geobattery. This is mainly 
due to small magnitudes of the streaming potential coefficient and the high electrical conductivity (~0.1 
S/m) of the formations saturated with high salinity pore fluid (mass fraction of NaCl ~0.03). Although 
pressure buildup of more than 1 MPa is induced in the injection aquifer (Fig. 2), the low pH caused by 
CO2 dissolution is an additional factor which makes electrokinetic effects relatively small. 
At t = 1 year (before CO2 injection starts), a local negative SP anomaly is present around the wellheads 
of both the injection and the observation wells. The SP anomaly centered on the injection wellhead 
increases to -12 mV at t = 2 years (after one year of injection) and does not change much thereafter. As 
for the SP anomaly centered on the observation wellhead, it does not change at t = 2 years, but increases 
to -40 mV at t = 4 years, which corresponds to the arrival of CO2 plume (see Fig. 3), and gradually 
increases to -12 mV at t = 11 years.  
The SP magnitude and its change around the wellhead are sensitive to the electrical conductivity of the 
surface formation (in the present case the topmost 10 meters is assumed to be 0.001 S/m), the active  
surface area of the metallic casing pipe, etc. We need further sensitivity studies concerning these 
parameters. However, if the local SP change is several tens of milli-volts as in the present case, careful 
measurements using non-polarizing electrodes should be able to detect the changes.  
It is noteworthy that the change in the potential of the metallic casing itself (Em) is very large: ~0.7 V 
in the present case (Fig. 4). Thus, measurement of Em is thought to be an additional and effective way to 
monitor the subsurface change in redox potential. Such measurements can be performed relatively easily 
by placing a reference electrode (such as one of the Ag/AgCl type, the redox potential of which is well 
known), at an appropriate distance (a few tens of meters) away from the wellhead. 
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Fig. 5 Self-potential profile along the earth s surface (upper) and in a vertical cross-section (lower) at (a) t = 1 year (initial 
condition), (b) t = 2 years (after one year injection), (c) t = 4 years (after three years injection) and (d) t = 11 years (when the 
injection ceases). The yellow color denotes positive SP. Injection and observation wells are located at 1500 m and 1000 m, 
respectively, in horizontal distance. 
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4. Conclusions 
We have extended the SP postprocessor to incorporate the geobattery mechanism that operates near 
metallic well casings. Although we need further studies on various issues such as how to assign 
appropriate values to key geochemical parameters, the extended SP postprocessor can now be used to 
proceed with quantitative investigation of the geobattery effect. The present results indicate that SP 
measurements in the neighborhoods of wellheads and direct measurements of potentials on metallic well 
casings themselves are quite promising and effective techniques for sensing the approach of CO2 to the 
well casings deep within the subsurface.  
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